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ABSTRACT • Wood plastic composites (WPCs) have often been used in consumer applications, automotive industry 
and exterior construction. WPCs consist mostly of wood and thermoplastic polymer. WPCs can have superior out-
door durability and much lower maintenance costs than regular wood. WPCs can be used instead of wood. Styrene 
maleic anhydride (SMA) is used in plastic composites for the automotive industry and also in engineering applica-
tions. SMA wood composites, as one of the WPCs using wood fi bers as reinforcing fi llers, produces composites with 
mechanical properties that are stiffer and stronger than the neat polymer. This paper evaluates the feasibility of using 
foamed SMA copolymer composites in wood applications. Although it is currently used in the automotive industry and 
construction industry, this copolymer presents interesting opportunities for wood applications.
Key words: Wood Polymer Composite, Foaming, Styrene Maleic Anhydride (SMA), Physical and Mechanical 
Properties
SAŽETAK • Drvo-plastični kompoziti (WPCs) imaju vrlo široku primjenu, a uglavnom se sastoje od drva i 
termoplastičnog polimera. Mogu imati vrhunsku trajnost na otvorenome i mnogo niže troškove održavanja od 
običnog drva te se mogu upotrebljavati svugdje gdje se obično upotrebljava drvo. Stiren anhidrid maleinske kise-
line (SMA) primjenjuje se u plastičnim kompozitima za automobilsku industriju, ali i u tehnici. SMA drvni kom-
poziti jedan su od WPCs-a u kojima su drvna vlakanca punilo za ojačavanje kompozita i imaju bolja mehanička 
svojstva od čistog polimera. U ovom se radu procjenjuje isplativost upotrebe upjenjenih SMA kopolimera kao zam-
jene za drvo. Iako se zasad rabi u automobilskoj industriji i graditeljstvu, taj kopolimer ima višestruke mogućnosti 
primjene kao zamjena za drvo.
Ključne riječi: drvo-polimerni kompoziti, pjena, stiren anhidrid maleinske kiseline (SMA), fi zikalna i mehanička 
svojstva
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1   INTRODUCTION TO WOOD PLASTIC 
COMPOSITE TECHNOLOGY
1.  UVOD U TEHNOLOGIJU DRVO-PLASTIČNIH 
KOMPOZITA
Wood plastic composite (WPC) is a general 
term related to wood-based elements like lumber, ve-
neer and fi bers, where they are combined with poly-
mers to produce a composite material. Wood plastic 
composites are thought of interchangeably and are 
categorized as different material types when produced 
from either thermoplastic or thermosetting polymers 
(Forest Products Laboratory, 2010). Examples of 
wood plastic composites made from different poly-
mer types and wood elements are listed in Table 1.
Approximately one hundred years ago, a com-
posite material combining phenol-formaldehyde 
resin with wood fl our was used for making automo-
bile gearshift knobs (Gordon, 1988). Around 60 
years ago, there are references to combining wood 
with thermoplastic resin via extrusion processing 
(Oksman and Sain, 2008; Klyosov, 2007). Extru-
sion, injection and compression molding are the pre-
ferred production processes for WPCs (Figure 1).
WPC has gained the interest of material engi-
neers because of its structural properties (El-Haggar 
and Kamel, 2011). Some of its main properties are 
high durability, low maintenance, strength and stiff-
ness, lower prices and decrease in bio-degradation, 
which makes the composites suitable for outdoor ap-
plications. Some of the applications of these com-
posites are: decking, sheathing, roof tiles, window 
trim and automobile parts. WPCs perform like con-
ventional wood; however they are not stiff and may 
require special fasteners or design changes. WPCs 
are still stiffer than plastics (Clemons and Caufi eld, 
2005). A developing class of materials, including 
WPC has favorable attributes – they are cost effec-
tive and have good performance (Marutzky, 2004; 
Bledzki et al., 2002; Sperber, 2002; Riedel and 
Nickel,2003; Aydemir et al., 2014a; Aydemir et al., 
2014b; Aydemir et al., 2015a; Aydemir et al., 2015b).
2   FOAMING PROCESSING OF NATURAL 
FIBER-FILLED COMPOSITES
2.  PROCES PJENJENJA KOMPOZITA 
ISPUNJENIH PRIRODNIM VLAKNIMA
Blowing agents, nucleating agents and other 
necessary additives are responsible for creating 
foams in a polymer (Baker, 2000). Both physical 
and chemical blowing agents contribute to a foamed 
polymer. Volatile chemicals like chlorofl uorocar-
bons, hydrocarbons/alcohols, and inert gases (CO2, 
N2, Argon, and Water) are considered physical blow-
ing agents, with CO2 being the most commonly used 
(Han et al., 1976; Punnathannam, 2002) (Figure 2).
The esterifi cation reaction between the hy-
droxyl groups of wood and the anhydride groups of 
SMA generates water, which is used as a foaming 
agent. The density of neat SMA is 1.08 g/cm3 and of 
the foamed SMA/wood composites 0.60 g/cm3 (Han 
and Gardner, 2010).
The water by-product of the esterifi cation reac-
tion between SMA and wood is strategically created 
during the carboxylic acid and alcohol reaction pro-
cess (Figure 3.). A contaminant from hemicelluloses 
degradation can be removed after the acids react 
with alcohols, which produces one mol of ester and 
another mol of water as a by-product. A hydroxyl 
group breaks the furan anhydride structure as an 
electron donator and esterifi es with the hydroxyls of 
wood, which produces water as a by-product (Han 
and Gardner, 2010) (Figure 4).
Under extrusion processing, a large, soluble 
amount of a blowing gas into a polymer may be 
completely dissolved under a high pressure. How-
Table 1 Wood-plastic composites (WPCs) are materials comprising polymers and wood elements (Gardner et al., 2015)









Lumber, veneer, fi bers, particles, fl our, etc.
piljenice, furnir, vlakanca, iverje, drvno 
brašno i dr.
Extruded lumber, injection-molded automotive 
components






Polymer impregnated wood (impreg, compreg)
polimerom impregnirano drvo (impreg, compreg)
Figure 1 Wood fi ber fi lled thermoplastic composites 
(WPCs) and their applications (Anonymous, 2016a)
Slika 1. Termoplastični kompoziti punjeni drvnim vlakan-
cima i njihova primjena (Anonymous, 2016a)
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ever, to reach appropriate conditions in the micro-
cellular foaming system, there must be a mechanism 
for regulating the growth of bubbles and additional-
ly preventing them from coalescing and collapsing 
(Park et al., 1994; Park and Suh, 1996; Baldwin et 
al., 1996; Park et al., 1998).
The generation of high cell density for foaming 
may be possible when thermodynamic instability 
happens in a polymer gas solution. These newly 
formed cells should be preserved through a stabili-
zation process that controls the growth of the cells 
and re-equates the gas bubbles (Park and Suh, 1996; 
Park et al., 1994). During initial testing, a batch pro-
cess was used to create micro cellulose foams. Now, 
these foams are produced in continuous extrusion, 
injection and compression molding systems (Marti-
ni et al., 1982).
Extrusion is one of the most commonly used 
plastic technologies. In extrusion, there are several 
ways to transform a plastic resin including heated, 
melted, compressed and conveyed downstream by 
rotating screw/screws in a barrel. In terms of cost 
effectiveness, extrusion based technologies are lead-
ing in the commercial production of plastics. As 
compression molding gently shapes thermoplastic 
prepregs, it successfully retains different layer ori-
entations (Faruk et al., 2007). Wood fi ber reinforced 
plastic composites are converted by extrusion pro-
cesses to get structural building profi les including, 
sheathing, decking, roof tiles, and window trim, 
Figure 2 Foaming mechanism with natural fi ber-fi lled composite 
Slika 2. Mehanizam pjenjenja kompozita ispunjenih prirodnim vlaknima
Figure 3 Typical chemical reactions between carboxyl acids and alcohols with acid catalyst (Anonymous, 2016b)
Slika 3. Tipične kemijske reakcije između karboksilne kiseline i alkohola s kiselim katalizatorom (Anonymous, 2016b)
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with enhanced thermal and creep performance com-
pared with unfi lled plastics (English and Falk, 1996; 
Verhey and Laks, 2002).
Usually, the production of foamed polymers 
comes from blowing agents such as a gas, a liquid or 
solid (Klempner and Frisch, 1991; Tavasoli et al., 
2011). There are limitations of using blowing agents 
because they have a negative impact on the ozone 
layer. On the other hand, common aliphatic hydro-
carbons are highly fl ammable. The blowing agents 
have a high price and low gas concentration during 
their decomposition (Rizvi et al., 2000). The gov-
ernment continues to promulgate regulations aimed 
at enhancing environmental protection and worker 
safety. Developing environmentally friendly blow-
ing agents should help in addressing regulations and 
save on chemicals (Seo et al., 2011). Since water is 
available, non-toxic and environmentally friendly, it 
can be used as a blowing agent in the production of 
foams in the extrusion process when transformed 
into a gaseous state at temperatures above 100°C.
Several studies have been published on thermal 
analysis of fi llers that can be employed as both nucle-
ating agents and reinforcing components. To enhance 
performance aesthetics, processability and productiv-
ity, many additives in foamed composites are neces-
sary (Klempner and Frisch, 1991). When it comes to 
the use of natural fi llers, such as cellulose particles, it 
appears to have advantages over inorganic fi llers and 
properties of the fi llers that can be changed by either 
surface treatment or the use of coupling agents (Mal-
das and Kokta, 1991; Wang et al., 2003; Mishra and 
Patil, 2003). Fiber properties (orientation of fi bers 
and natural properties of fi ber), combined with the 
use of coupling agents, may enhance the properties of 
the composite manufactured (Andrepoulus and Tran-
tili, 1988). Natural fi bers are much preferred for use 
in commodity plastics because of their easy process-
ability (Raj et al., 1992). After all, natural fi ber-fi lled 
polymer composites commonly have high densities. 
Therefore, the composites can be foamed to lessen 
their density using chemical or physical blowing 
agents (Rizvi et al., 2000). Natural fi ller reinforced 
composites have shown excellent performance re-
garding physical, mechanical and thermal properties 
(Ozen et al., 2013; Kiziltas et al., 2014).
Even though, lignocelluloses and wood fi ber 
reinforced composite are used in automotive and 
decking application, their use is limited because of 
lower impact resistance and higher density in com-
parison to neat plastics (Matuana and Heiden, 2004).
The likely innovative applications of these ma-
terials could be increased if these advantages were 
improved. The reduced weight of foamed plastic 
makes it stronger than non-foamed analogs, and also 
makes it achieve outstanding cost to performance 
ratios, as well as favorable strength to weight ratios. 
Foamed wood fi ber reinforced composites enhance 
their capability to withstand constant nailing and 
screwing operations in comparison to un-foamed 
products of the same composition. In the end, the 
results are better surface defi nition and sharper con-
tours and corners. Plasticizing effects of gas and 
foamed composites reduce the cost of the foaming 
process (Schut, 2001). The specifi cs of mechanical 
properties are signifi cantly improved when micro-
cellular wood fi ber reinforced composite generate a 
fi ner microcellular structure. Microcellular foamed 
structures are created to enhance the performance in 
the composites (Matuana et al., 1996).
3   CHARACTERISTIC PROPERTIES OF 
FOAMED SMA
3.  KARAKTERISTIČNA SVOJSTVA 
UPJENJENOG SMA KOPOLIMERA
Foamed styrene-wood plastic composites (FSW-
PC) have been produced at the Advanced Structures 
and Composites Center at the University of Maine us-
ing reactive extrusion (Han et al., 2013). To prevent 
loss of blowing agents through venting, they are cre-
ated by chemical reaction during the extrusion process 
and dissolved into the polymer melt, where the disso-
lution occurs in the mixing zone of the barrel next to 
the venting zone. Supercritical water is formed under 
the high pressure and high temperature enabling foam-
ing cells to locally initiate and grow to a certain size 
level. For the creation and maintenance of supercriti-
cal water, the extrusion system should be developed 
for appropriate pressure levels with a foaming die.
The industrial manufacturing arena has paid 
signifi cant attention to the use of wood as reinforc-
Figure 4 Schematic representation of the interfacial reaction between SMA copolymer and cellulose (Kiziltas et al., 2016)
Slika 4. Shematski prikaz interfacijalne reakcije između SMA kopolimera i celuloze (Kiziltas et al., 2016.)
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ing fi ller for thermoplastics (Kishi et al., 1988; Mai-
das et al., 1988; Woodhams et al., 1984; Yam et al., 
1990). The injection molding process and thermo-
forming of interior parts is used along with styrene 
maleic anhydride (SMA) copolymer in the automo-
tive industry (ARCO Chemical Company, 1990). 
The main reason for the choice of maleic anhydride 
is to improve the properties of the copolymer. The 
importance of using SMA lies in the fact that it 
shows a similar behavior to maleic anhydride poly-
propylene (MAPP) (Takase and Shiraishi, 1989).
The other advantages of using SMA plastics in auto-
mobiles include the fact that SMA can be recycled 
and combined with other materials in order to im-
prove the strength properties. Filler effect, reinforce-
ment of polymer, and superior mechanical proper-
ties can be improved by using glass fi llers. These 
fi llers have shortcomings with regard to environ-
mental safety. Natural fi llers can improve the envi-
ronmental effects. Using natural fi llers will enhance 
mechanical and thermal properties; low density, 
high aspect ratio and no abrasiveness are benefi cial 
properties (Bledzki et al., 2002; Sperber, 2002; Rie-
del and Nickel, 2003).
Over the past several decades, it has been estab-
lished that foamed composites provide high cost sav-
ings (30-40 %), lower density and rapid manufactur-
ability attributable to its properties (Faruk et al., 2007; 
Bledzki and Faruk, 2005; Bledzki and Faruk, 2006).
Micro-fi brillated cellulose, using water as a 
foaming for PLA matrix composites, was investi-
gated by Boissard et al., (2011). It was found that 
density and morphological properties of the foams 
were related to processing temperatures and to water 
contents ranging from 3.7 to 98 wt.%. To obtain 
lower densities, a low processing temperature and 
MFC water content of 9 wt.% were required.
Polystyrene/wood foamed composites were 
studied by Rizvi et al., (2000), who used hydrocerol 
compounds and wood particle water (moisture con-
tent of 8 %) at 130 °C and 140 °C. These results 
have shown that expansion ratio was 9 to 20 %.
During the last decade, bigger profi les and 
density reductions (5-50 %) have been achieved in 
foamed wood composites including ABS, ASA, 
SAN, PVC, PP, and monolayer, coextruded and even 
tri-extruded profi les (Bledzki and Faruk, 2006).
Figure 5 shows the difference in mechanical 
properties when compared to other wood compos-
ites when designing structures. The fl exural modu-
lus of elasticity or stiffness is not the only mechani-
cal properties that needs to be considered.

























Figure 5 Comparison of fl exural modulus of various wooden materials for structural applications (Wood-1 - Red Maple; 
Wood-2 - White Oak; Wood-3 - Douglas Fir = South; GL - Glued laminated timber; PLY - Plywood; OSB - Oriented Strand 
Board; PB - Particleboard; MDF - Medium Particleboard (Wood Handbook, 2010); WPC-1 - PP-based 60 % wood (Wechsler 
et al., 2008); WPC-2 - Recycled PE-based 40 % wood (Najafi  and Khademi-Eslam, 2011); WPC-3 - SMA-based wood 
plastic composite, a pilot product of sheet pile by University of Maine) (Han and Gardner, 2010) (Maximum values are 
shown)
Slika 5. Usporedba modula elastičnosti različitih drvenih materijala za građevinske konstrukcije (Wood-1 - javor; Wood-2 - 
bijeli hrast; Wood-3 - duglazija; GL - lijepljena drvna građa; PLY - furnirska ploča; OSB - OSB ploča (ploča s orijentiranim 
iverjem); PB - ploča iverica; MDF - MDF ploča (ploča vlaknatica srednje gustoće) (Wood Handbook, 2010.); WPC-1 - ploče 
na bazi PP-a s udjelom drva od 60 % (Wechsler et al., 2008.); WPC-2 - reciklirane ploče na bazi PE-a s udjelom drva od 40 
% (Najafi  i Khademi-Eslam, 2011.); WPC-3 - drvo-plastični kompoziti na bazi SMA-a, pilot-proizvod Sveučilišta u Maineu) 
(Han i Gardner, 2010.) (prikazane su maksimalne vrijednosti)
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4   ADHESIVE BONDED JOINTS OF WOOD 
PLASTIC COMPOSITES
4.  LIJEPLJENI SPOJEVI DRVO-PLASTIČNIH 
KOMPOZITA
Many articles have studied the characteristics 
of WPC bonding (Gramlich et al., 2006; Oporto et 
al., 2007; Gupta and Laborie, 2007; Laborie and 
Gupta, 2008; Wolkenhauer et al., 2008; Oporto et 
al., 2009), specifi cally polyolefi ns (Kharitonov and 
Kharitonova, (2009); Lee et al., (2009); Pandiyaraj 
KN, et al., (2009); Wang et al., (2009); Farris et al., 
(2010); Jacobs et al., 2010; Kirk et al., (2010)) and 
wood treatments (Custodio, et al., 2008; Wolken-
haure et al., 2009; Custodio et al., 2009).Various 
methods of surface treatments on wood plastic com-
posites have been reported by Gramlich et al., 
(2006); Oporto et al., (2007); Gupta and Laborie, 
(2007); Laborie and Gupta, (2008); Wolkenhauer et 
al., (2008); Oporto et al., (2009) to improve adhe-
sive bonding. These surface treatments resulted in 
the increase of joint strength.
More research should be made on load carry-
ing capacity of WPC joints as they are used in struc-
tural applications. So, this research will help identify 
the most effective design and cost considerations 
(Vinson, 1989). Some research has been conducted 
on bolted joints of WPC panels; however, further re-
search is required (Thoppul et al., 2009). There is no 
current evidence of the effect of geometrical con-
fi guration of screws, pilot hole diameter and pene-
tration depth on withdrawal resistance of related 
joints of WPC composites.
WPC is used commercially in automotive inte-



































Figur e 6 Short-term creep response of (a) WPC and (b) PVC (Tamrakar et al., 2011)
Slika 6. Kratkoročni odgovor puzanja materijala (a) WPC-a i (b) PVC-a (Tamrakar i sur., 2011.)
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some critical factors that affect the application of 
wood plastic composites (English and Falk, 1996). 
These are:
Cost 
There are many variables affecting costs, in-
cluding cost of compounding fi llers, wood and pa-
per fi bers or inorganic fi llers. Fillers are often less 
expensive than the polymer on a price per weight 
basis.
Hygroscopicity
Wood fi ber is hygroscopic and when used in 
the plastic process at normal processing tempera-
tures, the plastics will foam attributable to steam. 
Water is occasionally used for a foaming agent in 
plastic lumber profi les.
Fiber loading limits
A continuous thermoplastic matrix is required 
to process WPC. Upper fi ber loading limit is about 
70 wt.%. To maintain ideal melt viscosity, the fi ber 
loading limit is around 50 wt.% (Charrier, 1991). 
Water absorption
There is little water absorption when wood 
component is surrounded by the plastics. Even when 
immersed for several days, the water absorption val-
ues are typically less than 2 %. Humidity variation 
has shown little effect on dimensional changes 
(Kokta and Danueault, 1986).
Engineering properties
An engineering property is the capability of 
WPC to safely resist the expected loads. Another 
property is the short and long term serviceability 
limits when functioning within the design load.
Creep
Creep is related to the wood’s ability to sustain 
shape during time dependent mechanical loading. 
Research shows that WPC has lower resistance to 
creep defl ection, which reduces its structural appli-
cations (Felby, 1992).
Figure 6 shows the short term creep response 
of WPC and polyvinyl chloride (PVC) at three dif-
ferent temperatures (21 °C, 30 °C and 45 °C). 
According to Tamrakar et al. (2011), creep deforma-
tion of WPC was lower and more stable at 21 °C and 
30 °C than that of PVC.
5  CONCLUSION
5.  ZAKLJUČAK
Natural fi ber-fi lled plastic profi les are used as a 
non-structural wood-replacement in specifi c appli-
cations such as decking. Processors are evaluating 
foamed composites, which weigh less, accept screws 
and nails and more closely resemble real wood. 
Foaming gives better surface defi nition and sharper 
contours and corners because of internal pressures 
created by foaming. Heavier foamed profi les can be 
joined like conventional wood with no caps or hid-
ing edges. Most wood foamed profi les are combined 
with un-foamed cap layers to provide color, decora-
tion or UV stability, which provides important struc-
ture engineering applications.
In recent years, an increasing number of at-
tempts have been made to combine wood with plas-
tics to create interiors (window or door frames, stair-
case railings, screens and even decorative items), 
garden furniture and other outdoor applications (ter-
race decking, weatherboarding and fencing panels).
Industry and academia are now evaluating 
foam-like structure in WPCs to decrease their den-
sity and cost, improve mechanical properties (im-
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